Background {#S0001}
==========

Osteoporosis, or porous bone, is caused by reduced density and quality of bones.[@CIT0001] With the development of osteoporosis, bones become more fragile and porous, leading to high risk of fracture.[@CIT0002] Currently, more than 200 million people are suffering from osteoporosis. It is estimated that more than 40% females and about 15--30% of males will develop osteoporosis during their lifetime.[@CIT0003],[@CIT0004] The direct medical costs of osteoporosis and indirect cost, such as reduced productivity and survival of the patients, have become a heavy burden on public health.[@CIT0005] Despite the development of therapeutic approaches, fragility fracture in osteoporosis remains to be under-treated in many countries of the world.[@CIT0001],[@CIT0006] Therefore, novel therapeutic and preventative approaches are of great importance.

Aging is the main risk factor for osteoporosis.[@CIT0007] Besides, genetic factors are also critical players in the molecular pathogenesis of osteoporosis.[@CIT0008] In effect, functional characterization of genetic factors involved in the pathogenesis of osteoporosis may provide novel insights into the development of targeted therapies.[@CIT0009] MiR-21 has been proven to play critical roles in osteoporosis.[@CIT0010] For instance, it has been reported that miR-21 can target reversion-inducing cysteine-rich protein with Kazal motifs (RECK) to suppress the progression of osteoporosis.[@CIT0010] It is known that miR-21 is regulated by certain long (\>200 nt) non-coding RNAs (lncRNAs), such as growth arrest-specific transcript 5 (GAS5).[@CIT0011] Therefore, we hypothesized that miR-21 may also interact with GAS5 in osteoporosis. This study aimed to investigate the interactions between miR-21 and GAS5 in osteoporosis.

Methods {#S0002}
=======

Osteoporosis Patients and Healthy Controls {#S0002-S2001}
------------------------------------------

This study enrolled 66 osteoporosis patients (42 females and 24 males, 40 to 69 years old, mean age 54.1 ± 5.3 years old) and 66 healthy controls (42 females and 24 males, 40 to 69 years old, mean age 54.3 ± 5.2 years old) who were admitted by the Second Affiliated Hospital of Harbin Medical University were between March 2017 and May 2019. Disease duration ranged from 3.6 to 11.9 years, and the mean duration was 8.4± 2.8 years. Healthy controls matched the distribution of age, gender, smoking and drinking habits, BMI and other clinical data distributions of the patient group. All patients received no therapy within 3 months before admission. No other bone diseases and other severe clinical disorders were observed among patients. Healthy controls had a T score range of −0.81 to 3.22 and the mean value was 1.27 ± 0.35. T score range of patient group was −2.76 to −4.93 and the mean value was −3.33 ± 0.41. So T score was lower in patients than that in the controls. This study passed the review of the Ethics Committee of the Second Affiliated Hospital of Harbin Medical University. All patients and controls were informed of the principle of experimental design and informed consent was signed by all of them.

Treatment and Plasma {#S0002-S2002}
--------------------

Therapeutic approaches were determined according to patients' conditions. Treatment approaches, such as hormones (estrogen) and bisphosphonates (risedronate, alendronate, and zoledronic acid) or their combinations were used. Before the initiation of therapies, all participants were fasted overnight and blood (5 mL) was extracted. Blood samples were added into BD Vacutainer^®^ PPT™ Plasma Preparation Tubes, followed by centrifugation at 1200 g for 15 min to separate plasma. All plasma samples were frozen in liquid nitrogen, followed by storage at −80°C before use.

Osteoclasts and Transient Transfections {#S0002-S2003}
---------------------------------------

Primary osteoblasts were purchased from Sigma-Aldrich (USA). Following the instructions from Sigma-Aldrich, osteoblasts were cultivated and collated at passage 3 to 6 to perform the following transfections. Vector expressing GAS5 was constructed using pcDNA3.1 vector (Sigma-Aldrich) as the backbone. MiR-21 mimic and negative control (NC) miRNA were synthesized by Takara (Dalian, China). Lipofectamine 2000 (Thermo Fisher Scientific) was used to transfect 10 nM vector (empty vector as NC group) or 50 nM miRNA (NC miRNA as NC group) into 10^6^ osteoblasts. Untransfected cells were used as the Control (C) group. Subsequent experiments were carried out using cells harvested at 48 h post-transfection.

Qrt-Pcr {#S0002-S2004}
-------

Trizol reagent (Invitrogen, USA) was used to extract total RNAs. RNA precipitation and washing were performed using 85% ethanol to retain miRNAs. Genomic DNA in RNA samples was removed using LookOut^®^ DNA Erase (Sigma-Aldrich, USA). The SSRT IV system (Invitrogen, USA) was used to perform reverse transcriptions (RTs) with poly (T) as primer. The qPCR mixtures were prepared using Brilliant III Ultra-Fast SYBR Green QPCR Master Mix (Agilent, USA). Expression levels of GAS5 were normalized to GAPDH endogenous control. For the quantification of miR-21, All-in-One^TM^ miRNA qRT-PCR Detection Kit (GeneCopoeia, Shanghai, China) was used to perform polyadenylation, RTs and qPCR assays. Expression levels of miR-21 were normalized to U6 endogenous control. Primer sequences were: 5ʹ-ACACTCCAGCTGGGTAGCTTATCAG-3ʹ (forward) and 5ʹ-TGGTGTCGTGGAGTCG-3ʹ (reverse) for miR-21; 5ʹ-CTTCTGGGCTCAAGTGATCCT-3ʹ (forward) and 5ʹ-TTGTGCCATGAGACTCCATCAG-3ʹ (reverse) for miR-21; 5ʹ-AAGGTGAAGGTCGGAGTCAA-3ʹ (forward) and 5ʹ-ATGAAGGGGTCATTGATGG-3ʹ (reverse) for GAPDH; 5ʹ-GCTTCGGCAGCACATATACTAAAATTGGA-3ʹ (forward) and 5ʹ-CTTCACGAATTTGCGTGTCATCCTTG-3ʹ (reverse) for U6. Three replications were set for each experiment. PCR reaction conditions were: 95°C for 1 min, followed by 40 cycles of 9 5°C for 10 s and 55°C for 45 s. 2^−ΔΔCt^ method was used to calculate the fold changes of gene expression across samples.

Cell Apoptosis Assay {#S0002-S2005}
--------------------

FITC/PI apoptosis kit (Life Technologies, USA) was used to assess the effects of transfections on cell apoptosis. Cells were harvested at 48 h post-transfection and were washed in PBS twice, followed by staining with PI and Annexin-V in dark at room temperature for 20 min. Flow cytometry was performed to separate apoptotic cells. Living, early stage, and late stages apoptotic cells were Annexin-V−/PI−, Annexin-V+/PI−, and Annexin-V+/PI+ cells, respectively.

Statistical Analysis {#S0002-S2006}
--------------------

All data were expressed as mean values using data from 3 independent biological replicates. Unpaired *t* test was used to compare differences between two groups. ANOVA (one-way) combined with Tukey's test were used to explore differences among multiple groups. Correlations were analyzed by Pearson's correlation coefficient. Diagnostic analysis was performed by ROC curve. In ROC curve analysis, osteoporosis patients were true positive cases and healthy controls were true negative cases. *p* \< 0.05 was statistically significant.

Results {#S0003}
=======

GAS5 and miR-21 Showed Opposite Expression Pattern in Osteoporosis Patients {#S0003-S2001}
---------------------------------------------------------------------------

The differential expression of GAS5 and miR-21 in osteoporosis patients was assessed by measuring the expression levels of GAS5 and miR-21 in plasma derived from both osteoporosis patients (n = 66) and healthy controls (n = 66). Unpaired *t*-test analysis showed that GAS5 was significantly upregulated ([Figure 1A](#F0001){ref-type="fig"}) in plasma of osteoporosis patients, while miR-21 was downregulated ([Figure 1B](#F0001){ref-type="fig"}) in plasma of osteoporosis patients compared to that in healthy controls (*p* \< 0.05).Figure 1GAS5 and miR-21 showed opposite expression patterns in osteoporosis patients. The differential expression of GAS5 (**A**) and miR-21 (**B**) in osteoporosis patients was analyzed by measuring the expression levels of GAS5 and miR-21 in plasma derived from the both osteoporosis patients (n = 66) and healthy controls (n = 66). Comparisons of expression levels between two groups were performed by unpaired *t* test. PCR reactions were repeated 3 times and mean values were presented and compared.\**p* \< 0.05.

GAS5 and miR-21 Were Inversely Correlated in Osteoporosis Patients {#S0003-S2002}
------------------------------------------------------------------

Correlations between the expression levels of GAS5 and miR-21 were analyzed by Pearson's correlation coefficient. It showed that the expression levels of GAS5 were significantly and inversely correlated with the expression levels of miR-21 across plasma samples in osteoporosis patients ([Figure 2A](#F0002){ref-type="fig"}). In contrast, the correlation between GAS5 and miR-21 was not significant across plasma samples in healthy controls ([Figure 2B](#F0002){ref-type="fig"}).Figure 2GAS5 and miR-21 were inversely correlated in osteoporosis patients. Correlations between expression levels of GAS5 and miR-21 across plasma samples from osteoporosis patients (**A**) and healthy controls (**B**) were analyzed by Pearson's correlation coefficient.

Altered Plasma Levels of GAS5 and miR-21 Distinguished Osteoporosis Patients from Healthy Controls {#S0003-S2003}
--------------------------------------------------------------------------------------------------

The diagnostic values of plasma levels of GAS5 and miR-21 for osteoporosis were analyzed by performing ROC curve analysis. For plasma GAS5, the area under the curve was 0.91, with 95% confidence interval of 0.85--0.95 and standard error of 0.025 ([Figure 3A](#F0003){ref-type="fig"}). For plasma miR-21, the area under the curve was 0.95, with 95% confidence interval of 0.91--0.98, and standard error of 0.018 ([Figure 3B](#F0003){ref-type="fig"}).Figure 3Altered plasma levels of GAS5 and miR-21 distinguished osteoporosis patients from healthy controls. The diagnostic values of plasma levels of GAS5 (**A**) and miR-21 (**B**) for osteoporosis were analyzed by performing ROC curve analysis. In ROC curve analysis, osteoporosis patients were true positive cases and healthy controls were true negative cases.

GAS5 Could Bind with miR-21 at 3ʹ-UTR {#S0003-S2004}
-------------------------------------

From RNAs interaction detected by IntaRNA ([<http://rna.informatik.uni-freiburg.de/IntaRNA/>]{.ul}), we obtained that lncRNA GAS5 might bind with miR-21 ([Figure 4A](#F0004){ref-type="fig"}) at 3ʹ-UTR. To confirm our finding from IntaRNA database, RNA pull-down assay was conducted to detect this interaction. lncRNA GAS5 could only be precipitated by miR-21 probe but it was undetectable in the product precipitated by control probe ([Figure 4B](#F0004){ref-type="fig"}, *p* \< 0.001), indicating that miR-21 directly interacts with lncRNA GAS5 in osteoblasts.Figure 4There was an interaction between GAS5 and miR-21. A binding site to miR-21-5p was observed in 3ʹ-UTR of GAS5 (**A**). RNA pulldown was conducted to detect the binding of GAS5 to miR-21 (**B**). Experiments were repeated 3 times and mean data were presented. \*\*\**p* \< 0.001.

Overexpression of GAS5 Downregulated miR-21 in Osteoblasts {#S0003-S2005}
----------------------------------------------------------

Osteoblasts were transfected with GAS5 overexpression vector or miR-21 mimic. Overexpression of GAS5 and miR-21 was confirmed by qPCR at 24 h post-transfection ([Figure 5A](#F0005){ref-type="fig"} and [B](#F0005){ref-type="fig"}, *p* \< 0.05). Compared to the NC and C groups, overexpression of GAS5 led to downregulation of miR-21 ([Figure 5B](#F0005){ref-type="fig"}, *p* \< 0.05). In contrast, overexpression of miR-21 did not affect the expression of GAS5 ([Figure 5C](#F0005){ref-type="fig"}).Figure 5Overexpression of GAS5 downregulated miR-21 in osteoblasts. Osteoblasts were transfected with GAS5 overexpression vector and miR-21 mimic to analyze the potential interactions between GAS5 and miR-21. Overexpression of GAS5 and miR-21 was confirmed by qPCR at 24 h post-transfection (**A** and **B**). The effects of overexpressing GAS5 on miR-21 (**C**) and the effects of overexpressing miR-21 on GAS5 (**D**) were assessed by qPCR. Experiments were repeated 3 times and data were expressed as mean values. \**p* \< 0.05.

Overexpression of GAS5 Promoted Osteoclast Apoptosis Through miR-21 {#S0003-S2006}
-------------------------------------------------------------------

Compared to untransfected cells (C) and cells transfected with miRNA mimic or empty expression vector, overexpression of GAS5 led to promoted, while overexpression of miR-21 led to suppressed apoptosis of osteoclasts. In addition, overexpression of miR-21 attenuated the effects of overexpressing GAS5 ([Figure 6](#F0006){ref-type="fig"}, *p* \< 0.05).Figure 6Overexpression of GAS5 promoted osteoclast apoptosis through miR-21. Cell apoptosis assay was performed to evaluate the effects of overexpressing GAS5 and miR-21 on the apoptosis of osteoclasts. Experiments were repeated 3 times and data were expressed as mean values, \**p* \< 0.05.

Discussion {#S0004}
==========

This study mainly investigated the interactions between GAS5 and miR-21 in osteoporosis. We found that GAS5 was upregulated in osteoporosis patients and it could downregulate miR-21 to promote the apoptosis of osteoclasts.

Previous studies have characterized a considerable number of differentially expressed lncRNAs involved in the development and pathogenesis of osteoporosis.[@CIT0012] In fact, lncRNAs have been proven to be critical players in osteoporosis.[@CIT0013],[@CIT0014] For instance, lncRNA maternally expressed 3 (MEG3) is overexpressed in osteoporosis and can directly target miR-133a-3 to suppress osteogenic differentiation of bone marrow mesenchymal stem cells.[@CIT0013] In another study, lncRNA long intergenic non-protein coding RNA 311 (LINC00311) is reported to target delta-like ligand 3 (DLL3), thereby promoting the differentiation and proliferation of osteoclasts.[@CIT0014] GAS5 is a well-characterized tumor-suppressive lncRNA in different types of cancer with downregulated expression pattern.[@CIT0015],[@CIT0016] GAS5 plays tumor-suppressive roles mainly by regulating cell behaviors like enhancing cancer cell apoptosis.[@CIT0015],[@CIT0016] To the best of our knowledge, this study is the first to report the upregulation of GAS5 in osteoporosis. In addition, we observed increased apoptotic rate of osteoclasts after the overexpression of GAS5. Therefore, GAS5 might have different expression patterns in different types of disease but it plays similar roles in regulating cell apoptosis.

Osteoclasts mediate the continuous destruction of bone to promote the development and progression of osteoporosis.[@CIT0017] Therefore, osteoclast apoptosis may serve as a potential therapeutic target for the treatment of osteoporosis.[@CIT0017] MiR-21 was reported to play protective roles in osteoporosis by targeting RECK (reversion-inducing cysteine-rich protein with Kazal motifs).[@CIT0010] In this study, we observed decreased apoptotic rate of osteoclasts after the overexpression of miR-21. Therefore, miR-21 may also play enhancing roles in the development of osteoporosis. A recent study reported that GAS5 may suppress cell invasion and migration through the downregulation of miR-21.[@CIT0011] Our results also showed downregulated miR-21 after the overexpression of GAS5. In addition, overexpression of GAS5 reduced the inhibitory effects of overexpressing miR-21 on cell apoptosis. Therefore, GAS5 may downregulate miR-21 to increase the apoptotic rate of osteoclasts, thereby playing protective roles in osteoporosis.

In conclusion, GAS5 is upregulated in osteoporosis and may downregulate miR-21 to promote osteoclast apoptosis.
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